Abstract. It has been reported that intracellular accumulation of reactive oxygen species (ROS) has a significant role in tumor necrosis factor (TNF)-α-induced cell apoptosis and necrosis; however, the key molecules regulating ROS generation remain to be elucidated. The present study reports that knockdown of endogenous receptor for activated C kinase 1 (RACK1) increases the intracellular ROS level following TNF-α or H 2 O 2 stimulation in human hepatocellular carcinoma (HCC) cells, leading to promotion of cell death. Carbonyl reductase 1 (CBR1), a ubiquitous nicotinamide adenine dinucleotide phosphate-dependent enzyme, is reported to protect cells from ROS-induced cell damage. The present study reports that RACK1 is a regulator of CBR1 that interacts with and sustains the protein stability of CBR1. Overexpression of CBR1 reverses the enhanced cell death due to RACK1 knockdown. Taken together, the results of the present study suggest that RACK1 protects HCC cells from TNF-α-induced cell death by suppressing ROS generation through interacting with and regulating CBR1.
Introduction
Escape from tumor necrosis factor (TNF)-α-induced cell apoptosis and necrosis is of importance in tumor development (1) (2) (3) . This process is regulated by a number of intracellular signaling pathways, including c-jun N-terminal kinase (JNK) and IκB kinase (IKK), as well as reactive oxygen species (ROS) (4, 5) . Extensive studies have indicated that reduced levels of oxidant stress and ROS promote malignant transformation and oncogenic growth in hepatocellular carcinoma (HCC) cells (6) (7) (8) (9) . However, the key molecules regulating ROS in HCC remain to be elucidated. It has been reported that scaffolding protein receptor for activated C kinase 1 (RACK1) enhances JNK activation in HCC, leading to promotion of the malignant growth of HCC (10) . Therefore, it may be assumed that RACK1 affects other aspects of HCC. RACK1 was originally identified to bind and activate protein kinase C and is now recognized as a multi-functional scaffold protein (11, 12) . Evidence has indicated that RACK1 protects from oxidative stress-induced cell death in various types of cells, including fission yeasts (13) , shrimp cells (14) , neurons (15) , HeLa cells (16) and HL60 cells (17) . However, such a role for RACK1 has not been reported in HCC cells to the best of our knowledge. In the present study, it was demonstrated that RACK1 knockdown leads to increased cell death in TNF-α-treated HCC cells in the presence of cycloheximide (CHX), a protein synthesis inhibitor. Subsequently, it was observed that RACK1 knockdown promotes intracellular ROS accumulation upon TNF-α or H 2 O 2 stimulation. A combination of co-immunoprecipitation (co-IP) and mass spectrometry analysis indicated that carbonyl reductase 1 (CBR1), a ubiquitous nicotinamide adenine dinucleotide phosphate-dependent enzyme, acts as a RACK1-interacting partner in HCC cells. CBR1 has been reported to provide protection from ROS-induced cellular damage in HCC and leukemia (4, 18) , which suggests that CBR1 serves a role in cellular anti-oxidation. In the present study, it was reported that overexpression of exogenous CBR1 in HCC cells reverses enhanced cell death upon silencing of endogenous RACK1, which indicated that RACK1 may have a pivotal role in sustaining the protein stability of CBR1. Sample preparation, co-IP and western blot analysis. Cells were harvested and lysed in lysis buffer (20 mM Tris, pH 7.6, 250 mM NaCl, 1% Nonidet P-40, 3 mM EDTA, 1.5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N' ,N'-tetraacetic acid, 10 µg/ml aprotinin, 10 mM p-nitrophenylphosphate, 1 mM Na 3 VO 4 , 1 mM dithiothreitol). Following clarification by centrifugation at 5,000 x g for 15 min at 4℃, cell lysates were incubated with the indicated antibodies in the presence of 30 µl [50% (v/v)] of protein A-Sepharose beads (Sigma-Aldrich; EMD Millipore, Billerica, MA, USA) at 4˚C for 4 h. Precipitates were washed with washing buffer [20 mM Tris (pH 7.6), 250 mM NaCl, 1% Nonidet P-40, 3 mM EDTA, 1.5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid and 1 mM phenylmethane sulfonyl fluoride) at least three times. For western blot analysis, cell lysates or co-IP samples underwent 12% SDS-PAGE for 2 h, followed by transferal to polyvinylidene difluoride membranes for 3 h and blocking with 5% nonfat milk in TBS containing 0.1% Tween-20 (TBST) for 1 h at room temperature. Membranes were incubated with primary antibodies against RACK1 (catalog no. 610177; BD Biosciences, San Jose, CA, USA), CBR1 (catalog no. ab4148; Abcam, Cambridge, MA, USA), β-actin (catalog no. 47778; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and GAPDH (catalog no. sc-81545; Cell Signaling Technology, Inc., Danvers, MA, USA) at a dilution of 1:1,000 overnight at 4˚C. Following three times washing with TBST (10 min each wash), the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies at a dilution of 1:5,000 for 1 h at room temperature (polyclonal goat anti-rabbit or goat anti-mouse secondary antibodies; catalog no. ZB2301 and ZB2305, respectively; OriGene Technologies, Inc., Beijing, China), followed by additional washing. The membranes were subjected to exposure in the dark and the immunoreactive bands were visualized with an enhanced chemiluminescence kit (GE Healthcare Life Sciences, Chalfont, UK). Quantification of western blot were performed by using Gel-Pro Analyzer 4.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Materials and methods

Cell
Cell death assay by flow cytometry. Cells treated with 10 ng/ml TNF-α (R&D Systems, Inc., Minneapolis, MN, USA) with or without 10 µg/ml CHX (Sigma-Aldrich; EMD Millipore), or 1 mM H 2 O 2 for 24 h were digested by 0.25% trypsin for approximately 2 min with gentle shaking, and subsequently harvested. Following washing twice with PBS, the cell pellet was resuspended in 200 ml PBS containing Annexin-V and propidium iodide (PI)/7-aminoactinomycin D (BD Biosciences) and incubated at 4˚C for 30 min, followed by flow cytometry assay.
ROS assay. Cells were resuspended and incubated in pre-warmed Hank's balanced salt solution (HBSS) containing 10 mM carboxy-.2',7'-dichlorodihydrofluorescein diacetate (Thermo Fisher Scientific, Inc.) for 30 min at 37℃, followed by incubation with 10 ng/ml TNF-α or 400 µmol/l H 2 O 2 for 30 min at 37℃. Cells were washed with HBSS twice and subjected to flow cytometry.
Statistical analysis. Cell death assay experiments were performed independently at least three times. Statistical differences between groups were assessed by Students t-test. Descriptive statistics were computed by using Excel 2007 (Microsoft Corporation, Redmond, WA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Knockdown of RACK1 leads to increased cell death and ROS generation following TNF-α stimulation.
The present study initially investigated the correlation between RACK1 and TNF-α-induced cell death in SMMC7721 cells. SMMC7721 cells were transiently transfected with RACK1 siRNA or NC siRNA by using the iMAX delivery system. A total of 48 h later, the cells were treated with 10 ng/ml TNF-α with or without 10 µg/ml CHX for 24 h, followed by cell death assay with Annexin-V and PI double staining. Transfection with RACK1 siRNA dramatically decreased RACK1 protein levels (Fig. 1A) , leading to an increased cell death rate compared with NC siRNA following co-treatment with TNF-α and CHX (P=2.67x10 -7 ; Fig. 1B) . Notably, treatment with TNF-α alone only caused slight cell death, and cell death was markedly induced in the presence of CHX, a pan-protein synthesis inhibitor (Fig. 1B) , indicating that CHX sensitized SMMC7721 cells to TNF-α-induced cell death. It was subsequently investigated whether RACK1 affected ROS responses to stimuli, including TNF-α or hydrogen peroxide. As demonstrated in Fig. 1C , knockdown of RACK1 resulted in increased ROS generation in SMMC7721 cells upon TNF-α and hydrogen peroxide treatment. Taken together, the results of the present study suggested that RACK1 acted as a ROS suppressor to antagonize TNF-α-induced cell death in SMMC7721 cells.
RACK1 suppresses TNF-α-induced cell death via CBR1.
Although it was observed that knockdown of endogenous RACK1 promoted ROS generation upon TNF-α and hydrogen peroxide stimulation, the molecular mechanism(s) by which RACK1 affected ROS remain to be elucidated. Subsequently, a co-IP was performed, followed by mass spectrometry analysis (performed by National Center of Biomedical Analysis, Beijing, China) to identify RACK1-interacting partners (data not shown). Among the candidates of RACK1-interacting proteins obtained, CBR1 was notable due to its close association with ROS. CBR1 was considered to be a ROS suppressor, as it had been reported to protect cells from cytotoxic drug-triggered cell death in doxorubicin-treated HCC cells and As 2 O 3 -treated leukemia cells (4, 18) . Therefore, the functions of CBR1 were investigated in TNF-α-treated SMMC7721 cells. As expected, transfection with CBR1 siRNA markedly decreased the protein level of CBR1 ( Fig. 2A) , leading to increased percentages of cell death induced by TNF-α (P=0.046) and TNF-α/CHX (P=0.00067; Fig. 2B ). Subsequently, the present study employed RACK1 stably silenced single clones screened from SMMC7721 cells to investigate whether CBR1 affected the enhanced cell death caused by RACK1 knockdown. As expected, overexpression of green fluorescent protein (GFP)-CBR1 reversed the enhanced cell death in the RACK1 stably silenced clone, at least partially, compared with the clone overexpressing GFP (P=0.00071; Fig. 2C ). Cell death upon hydrogen peroxide stimulation was also investigated in HCC cells. Rather than apoptotic cell death, hydrogen peroxide stimulation caused a more necrotic cell death than TNF-α/CHX stimulation (data not shown). However, hydrogen peroxide caused ~80% cell death, and knockdown of CBR1 elevated cell death up to >90% (P=6.42x10 -5 ; Fig. 2D ). Thus, the results of the present study suggested RACK1 may exert its protecting function via CBR1.
RACK1 promotes the protein stability of CBR1. To address whether RACK1 affected the functioning of CBR1, it was necessary to address whether and how RACK1 regulates CBR1. Initially, the present study briefly addressed the interaction between RACK1 and CBR1 in vivo. As shown in Fig. 3A , when endogenous CBR1 was immunoprecipitated from SMMC7721 cells with CBR1 antibody, RACK1 was detected in the precipitant, suggesting that RACK1 was able to interact with CBR1 in SMMC7721 cells (Fig. 3A) . Furthermore, in SMMC7721 RACK1 stably silenced single clones, CBR1 protein levels exhibited a marked decrease compared to control clones (Fig. 3B) , suggesting that RACK1 potentially regulated the protein stability of CBR1. For further investigation, the present study examined the degradation of CBR1 in HCC cells in RACK1 stably silenced clones and control clones upon CHX treatment for various time courses. CBR1 protein exhibited a decrease at 16 and 20 h subsequent to CHX treatment in HCC clones with RACK stable knockdown but 
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exhibited no change in control HCC clones (Fig. 3C) . It has previously been reported that RACK1 exhibited higher expression in HCC cells compared to 'normal' hepatocytes (10) . As expected, an increased level of RACK1 protein was detected in SMMC7721 cells and HepG2 cells, as compared to BNL CL.2 mouse embryonic liver cells (Fig. 3D) . Consistent with the idea that RACK1 promotes the stability of CBR1 protein, HepG2 cells exhibited an increased level of CBR1 protein compared with BNL CL.2 cells (Fig. 3E ). This finding is consistent with a previous report in which CBR1 demonstrated overexpression in 56 (72%) out of 78 human HCC tissues (6) . Notably, upon TNF-α/CHX stimulation, BNL CL.2 cells exhibited a marked increase in cell death compared to HepG2 cells (P=0.00017; Fig. 3F ). These results indicate that upregulation of RACK1 together with CBR1 may have a significant role in the transformation of normal liver cells to malignant cells.
Discussion
In the present study, it was initially confirmed that RACK1 protected HCC cells from TNF-α-induced cell death. However, it was observed that TNF-α alone only caused slightly enhanced cell death. It has been reported that metabolic inhibitors, including actinomycin D or CHX, dramatically sensitized HCC cells to TNF-α-induced cell death due to their ability to inhibit the de novo synthesis of anti-apoptotic proteins (19) . Following co-treatment with TNF-α and CHX, knockdown of RACK1 led to markedly enhanced cell death in SMMC7721 cells. This may be attributed to increased ROS generation upon TNF-α stimulation. Hydrogen peroxide stimulation also increased ROS generation and cell death. Treatment of HCC cells with TNF-α/CHX is frequently used to mimic acute fulminant hepatitis (20) . Therefore, further investigation of the mechanisms by which RACK1 affects the cell death of HCC may support novel clinic treatments for acute fulminant hepatitis. Among the signaling pathways mediating TNF-α signal transduction, three are considered to regulate the process of TNF-α-induced cell death: Mitogen-activated protein kinase, nuclear factor (NF)-κB and ROS. In a previous study, JNK activity, which is frequently involved in promotion of cell death, was downregulated by the knockdown of RACK1 (10). The NF-κB signaling pathway is considered to be crucial to anti-TNF-α-induced cell death, as TNF-α-induced NF-κB activation induces the expression of numerous anti-apoptotic genes (21, 22) . However, it has been reported IKKβ depletion in hepatocytes only causes slightly increased sensitivity of cells to lipopolysaccharide challenge (23) , which indicates that the effects of the NF-κB signaling pathway are compensated by other factors in this process. In the present study, CBR1 was identified as regulating TNF-α-induced HCC cell death. Knockdown of CBR1 gave rise to enhanced cell death following TNF-α/CHX stimulation, and overexpression of CBR1 in RACK1 stably silenced single clone reversed enhanced cell death due to the downregulation of RACK1. These data suggested RACK1 exerted its protecting function via CBR1. Further investigation revealed that RACK1 and CBR1 were involved in the same complex, indicating that RACK1 is bound to CBR1. It should be noted that the amount of CBR1 protein in RACK1 stably silenced clone markedly decreased compared to the control, suggesting that RACK1 sustained the protein level of CBR1. Further experiments confirmed this observation. As RACK1 and CBR1 have been confirmed to be highly expressed in human HCC by previous studies (6, 10) , the results of the present study suggested that the levels of RACK1 may be positively correlated with those of CBR1 in human HCC. Additionally, compared to non-malignant BNL CL.2 cells, malignant HepG2 cells exhibited increased protein levels of RACK1 and CBR1, and increased resistance to TNF-α-induced cell death. Therefore, the positive association between RACK1 and CBR1 may act in the malignant transformation of normal liver cells to malignant cells. However, these theories require further investigation.
In conclusion, the results of the present study have confirmed that the increased expression of RACK1 in HCC cell lines causes increased protein levels of CBR1 and a reduced ROS response, thereby leading to increased resistance to TNF-α-induced cell death.
